cal carcinoid tumors and large-cell neuroendocrine carcinomas (14 -16) . Because most carcinoid tumors of the thymus possess small necrotic foci in large solid nests and/or some mitotic activity (15, 16) , it can be said that they are histologically similar to atypical carcinoids of the lung (16, 17) . The prognosis for this type of tumor was reported to be relatively poor, with 30 to 40% metastasizing and 50% invading the surrounding mediastinal structures (4, 18 -20) .
Microscopically, classic carcinoid tumor of the thymus is comprised of uniform polygonal, oval, or spindle cells with finely granular or peppered chromatin, inconspicuous or small nucleoli, and very finely granular cytoplasm, which form organoid nests with or without rosettes, trabeculae, and festoons closely associated with delicate blood vessels. Mitotic activity is low, and necrosis is scant or absent (15, 16) . In addition to these classical forms of tumor, there are many variant forms such as spindle cell type (17, (21) (22) (23) , glandular type (16) , pigmented type (23) (24) (25) , desmoplastic type (4, 16) , and a type with abundant mucinous stroma (16, 26) . Carcinoid tumors with some mitotic activity (2 to 10 per 10 high-power fields [HPF] ) and/or those with necrosis, often punctate, are classified as atypical carcinoid tumors (15, 27) .
We have encountered 12 cases of thymic carcinoid tumors during the last 34 years at the National Cancer Center Hospitals. In this report, their clinicopathologic, histochemical, and immunohistochemical features are reviewed. In addition, a comparison is made regarding the grades of malignancy between the thymic carcinoid tumors and pulmonary carcinoid tumors, and factors affecting prognosis of patients including the Ki67 labeling index (LI) and DNA ploidy patterns of these tumors are analyzed.
MATERIALS AND METHODS

Tissue Specimens and Pathologic Examination
Eleven cases of surgically resected carcinoid tumors of the thymus and one from autopsy were identified from the surgical pathology files, as well as one case from the autopsy files, of the National Cancer Center Hospitals, Central and East, between 1965 and 1999; clinical and follow-up records were reviewed for all cases.
For light microscopy, tissues were fixed in 10% buffered formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin, and selected sections stained with Grimelius. Histologic review was performed on all cases. Immunohistochemical studies were also performed using formalin-fixed paraffin sections in the 11 cases where paraffin-embedded tumor tissue blocks were available. Primary antibodies against neural cell adhesion molecule (N-CAM; Lu243, Nippon Kayaku, Tokyo, Japan; 123C3, Immunotech, Marseille, France), neuron-specific enolase (NSE; DAKO, Glostrup, Denmark), chromogranin A (Lipshaw, Detroit, MI), ACTH (DAKO, Carpinteria, CA), somatostatin (DAKO, Carpinteria, CA), serotonin (DAKO, Denmark), synaptophysin (DAKO, Denmark), cholecystokinin (Peptide Institute, Inc., Osaka, Japan), S-100 protein (DAKO, Denmark), calcitonin (DAKO, Denmark), carcinoembryonic antigen (CEA; Takara, Kyoto, Japan) and cytokeratin (AE1/AE3; DAKO, USA) were used. An ABC kit (DAKO) was used to visualize antigen localization with diaminobenzidine as the chromogen.
With regard to proliferative activity of thymic carcinoid tumors, not only the mitotic count but also the frequency of Ki67 (DAKO, Denmark)-related antigen-positive cells was investigated using paraffin-section immunohistochemistry. Mitotic counts were performed using an Olympus BX50 microscope at a magnification of 400ϫ, counting 10 HPF for each tumor. The proportion of Ki67-positive cells was determined by counting 1000 tumor cells randomly selected throughout each section using a 40ϫ objective.
Laser Scanning Cytometry
Laser scanning cytometry (LSC) analysis was performed on smears of cell suspensions prepared from paraffin-embedded tissues of nine tumors.
The procedure employed for the preparation of dispersed cell smears from paraffin-embedded tissue was modified from that of Schutte et al. (28) and Vindelov et al. (29) , which was originally devised for flow-cytometric analysis. The precise technique for the smear preparations has been described by Kamiya et al. (30) . DNA contents were analyzed with the LSC101 (Olympus, Tokyo, Japan) as previously reported (31, 32) . In this study, Ͼ2000 nuclei for each glass slide were scanned. The resulting DNA histograms were interpreted by two observers (KG and NK) without knowledge of the patient details. The precise method for interpretation was also described by Kamiya et al. (30) .
Survival Analysis
Survival rates were calculated according to the method of Kaplan and Meier.
RESULTS
Frequency
During the period from 1962 to 1999, there were 245 cases of surgically resected thymic epithelial tumors at our institutes, which included 188 cases of thymoma (77%) and 45 cases of thymic carcinomas (18%). Therefore, the remaining 12 cases of primary thymic carcinoid tumors represent rare neoplasms accounting for only 5% of all thymic epithelial tumors.
Clinical Findings
The clinical findings of these 12 patients are shown in Table 1 . There were 9 men and 3 women, aged from 34 to 74 years at diagnosis. Five patients (42%) had symptoms such as cough, sputum, hemoptysis, dyspnea, swollen supraclavicular lymph node, or chest pain. Seven patients were asymptomatic, and their tumors were incidentally detected on chest radiography at an annual health check-up or during follow-up study of other diseases. None showed signs of endocrine hyperfunction including carcinoid syndrome and Cushing's syndrome. Six patients had the complication of hypertension, three, diabetes mellitus, and one, hyperthyroidism. None of the patients had MEN syndrome.
Serum levels of CEA, squamous cell carcinoma antigen (SCC), and CA19 -9 were within the normal range in almost all patients. Serum NSE levels were examined in seven patients and found to be elevated in two (29%).
Eleven patients underwent surgical resection, and two of them received postoperative adjuvant radiotherapy with a total dose of 40 and 50.4 Gy, respectively. Preoperative neoadjuvant radiotherapy was performed in one patient with a total dose of 22.8 Gy.
Of the 11 cases with surgical resection, nine patients had no recurrence, but two relapsed ( Table  1 ). The tumor of Patient 2 had invaded the pericardium and right lung with metastasis to mediastinal lymph nodes at operation, and tumor cells were also cytologically detected in the pericardial effusion. He died of systemic metastases 1827 days after the surgery. Another patient, Patient 6, presented with local recurrence 1 year and 6 months after the initial surgery, and chemoradiotherapy was performed with no reduction in size of the tumors, which grew very slowly. He was alive 1896 days after surgery but has been lost to follow-up since. One patient, Patient 1, died of pneumonia shortly after surgery.
One patient, Patient 12, who was autopsied, received a total of 50 Gy of radiotherapy to the mediastinal tumor and 30 Gy to the cervical lymph nodes, because her mediastinal tumor had invaded surrounding organs such as lung, heart, and sternum. After 1 year and 8 months, bilateral pleural effusion and bone and abdominal lymph node metastases were detected. She died of multiple systemic metastases 713 days after the primary treatment.
The patients' survival curve is shown in Figure 1 . The 5-year survival rate was 82%.
Pathologic Findings
Gross Findings
Macroscopic findings of these resected tumors are shown in Table 2 . All patients had tumors in the area of the thymus, which ranged from 5.0 to 17.0 cm in their greatest dimension, weighing from 39 to 1160 g. The cross sections revealed solid tumor with gray-white to light-tan cut surfaces. Six tumors were partially or completely encapsulated. Nine tumors showed foci of pinhead-sized necrosis, and all tumors showed areas of hemorrhage. In five cases, tumors invaded surrounding organs. In the 11 surgically resected cases, there were three patients with anterior mediastinal lymph node metastasis (N1), two with intrathoracic lymph node metastasis excluding anterior mediastinal lymph nodes (N2), and one with extrathoracic lymph node metastasis (N3). One patient, who was autopsied, had systemic lymph node metastasis. Table 4 summarizes the microscopic features of these 12 thymic carcinoid tumors. All showed an organoid growth pattern including formation of ribbons, festoons, and rosettes. Tumor nests were bordered by thin fibrovascular stroma, and tumor cells were uniform and polygonal with relatively scant cytoplasm and round to oval nuclei containing small nucleoli and fine chromatin. The following illustrates the variety of histologic features in the tumors reported herein.
Histologic Findings
Case 6 showed nuclear pleomorphism of a mild degree and increased mitotic activity. This tumor included two growth-patterns consisting of glandular structures and solid nests (Fig. 2) .
Cases 7 and 9 showed solid growth pattern with occasional large tumor cells. The tumor cells also showed oncocytic features with abundant granular cytoplasm (Fig. 3) .
Case 8 was thought to be a combined carcinoid tumor and thymoma (Fig. 4) . The tumor formed rosettes in some areas, and some tumor cells were oncocytic, possessing abundant eosinophilic cytoplasm, which was positive for Grimelius staining. There were cystic and frequently dilated perivascular spaces in areas of epithelial cell-predominant thymoma.
Mitotic counts ranged from 1 to 14 per 10 HPF with a mean count of 4.9 (Table 4) . Central necrosis in the tumor nests was observed in nine tumors. Rosette-like structures and calcification in the areas of tumor necrosis were observed in six and four tumors, respectively. Glandular formation was visible in four tumors.
When the World Health Organization (WHO) histologic classification of carcinoid tumor of the thymus (15) was applied to our series, all 12 tumors were categorized as atypical carcinoids. Table 5 shows detailed histochemical and immunohistochemical staining results of 11 thymic carcinoid tumors. All tumors stained positive for Grimelius. Immunohistochemistry revealed positive staining for cytokeratin in 11/11 cases (100%), NSE in 11/11 (100%), synaptophysin in 11/11 (100%), chromogranin A in 10/11 (91%), N-CAM in 8/11 (73%; Fig. 5A ), S-100 protein in 5/11 (45%), somatostatin in 4/11 (36%), ACTH in 3/11 (27%), cholecystokinin in 2/11 (18%; Fig. 5B ), CEA in 0/11, calcitonin in 0/11, and serotonin in 0/11. S-100 protein staining was positive in what appeared to be sustentacular cells and negative for polygonal tumor cells. Table 5 shows the LI of 11 thymic carcinoid tumors. A negative immunoreaction for Ki67 was seen in three tumors, and the percentage of positive nuclei in the remaining eight tumors ranged from 0.1 to 6.1%. In two patients who died of tumor, the LI was 1.8% and 0%, respectively, and no correlation was noted between LI and prognosis or between LI and lymph node or distant metastasis.
Grimelius Staining and Immunohistochemical Findings
Ki67 Labeling Index
DNA Ploidy Patterns
Nine samples were analyzed for DNA ploidy pattern by LSC. One sample showing a coefficient of variation (CV) for the diploid G 0 G 1 peak Ͼ8% was excluded from the analysis. Thus, nuclear DNA content was assessed in eight patients. Only one tumor (11%) was considered to be aneuploid (Table  4 and Fig. 6 ), the other seven tumors being diploid. The patient with aneuploid tumor (Patient 7) had multiple metastases to mediastinal lymph nodes at the time of surgery, but remains alive without apparent recurrent tumor 1268 days after surgery.
DISCUSSION
Carcinoid tumors of the thymus are unusual neoplasms. They have been estimated to account for approximately 2 to 4% of all anterior mediastinal Similarly, in our series, primary thymic carcinoid tumors were rare neoplasms accounting for only 5% of all thymic epithelial tumors. The classic carcinoid tumors are characterized histologically by organoid nesting, ribbons, festoons, rosette-like glands, and uniform cytologic features consisting of a moderate amount of eosinophilic, finely granular cytoplasm and nuclei possessing a peppered chromatin pattern (15) . In addition to these unique histologic characteristics, tumors with unusual morphologic features have been reported previously (4, 16, 17, (21) (22) (23) (24) (25) (26) . The present report also includes other unusual features such as combined features of carcinoid tumor and thymoma and the solid nests with occasional large tumor cells. In particular, carcinoid tumor combined with thymoma is extremely rare but of interest. The presence of such a tumor in the thymus indicates that the tumor develops not from neuroendocrine-committed cells but from primitive multipotential cells (16) , supporting the concept of histogenesis of neuroendocrine tumors described previously (36) .
Similar to the case with previous reports (4, 17, 19, 23, 26, 34, 37) , all thymic carcinoids were diffusely positive for Grimelius staining, and almost all cases showed positive immunohistochemical staining for NSE, chromogranin A, synaptophysin, and cytokeratin. Although it was reported that N-CAM (as detected by antibodies Leu 19 and 123C3) was consistently expressed in all neuroendocrine tumors covering the spectrum from typical carcinoid to small-cell lung carcinomas (38) , N-CAM was noted in only 73% of our carcinoid tumors of the thymus. This lower positive rate was probably due to the use of the antibody Lu243 in the present study, because antigenicity of the epitope bound by this antibody is reduced by formalin fixation (16) . The most frequent paraneoplastic syndrome associated with thymic carcinoid tumor is Cushing's syndrome, but positivity for ACTH was only seen in 27% of cases here. No tumors showed positive CEA staining, although CEA is frequently positive in large-cell neuroendocrine carcinoma and small-cell carcinoma of the lung (14) . On the other hand, about 40% of pulmonary carcinoid tumors showed positive CEA staining (14, 39, 40) . In addition, Bishopric et al. (40) reported that CEA-positive pulmonary carcinoid tumors behaved more aggressively and had a poorer prognosis than CEA-negative tumors. Based on this fact, negative immunoreactivity for CEA in our thymic carcinoid tumors may indicate low malignant potential, which is consistent with their relatively good prognosis.
Generally, the prognosis of thymic carcinoid has been reported to be poor compared with that of classic carcinoid tumor of the lung. According to the literature, 13 to 40% of thymic carcinoids me- tastasized, and 50% grew invasively into surrounding mediastinal structures (4, 18 -20) . Therefore, they were often unresectable when discovered. Recurrence was also reported to be common, up to about 67% for this tumor (6, 18, 35) . However, because carcinoid tumors of the thymus are unusual neoplasms, the correct clinical follow-up data has not been obtained. Recently, Moran and Suster (34) reported clinical follow-up data on a large series of thymic carcinoid tumors. It was reported that the 5-and 10-year survival rates were 28% and 10%, respectively. However, in that paper, although it was mentioned that follow-up information was obtained for 50 patients, data were analyzed on about 58 patients. In addition, overall survival rate did not correspond to the survival curve. Moreover, because the rate of tumor death was reported as 50% (29/58), the 5-and 10-year survival rates of that paper should not reflect actual survival data of thymic carcinoid tumors. This incorrect information is likely to be due to the fact that clinical follow-up data were obtained from multiple institutions. Therefore, those authors' proposal to replace the term thymic carcinoid with thymic neuroendocrine carcinoma first requires further investigation on the clinical behavior of this tumor.
The patients in the present study had a relatively good prognosis. The 5-year survival rate was 82%. Only two patients, both of whom were Stage IV at the time of diagnosis, died of systemic metastasis of carcinoid tumor. Moreover, in the 11 surgically resected cases, although six patients (55%) had lymph node metastasis, and invasion to the surrounding structures was noted in four cases (36%) at operation, postoperative recurrence was seen in only two cases (18%). Even when recurrence occurs, the clinical course is generally protracted. In our series, one patient was still surviving about 4 years after the local recurrence. According to the questionnaire survey conducted by Kondo and Monden (35) , the recurrence rate of carcinoid tumor following grossly complete surgical removal of the tumor (88% of surgically resected cases) was as high as 67% among 27 cases with follow-up data. However, 5-year and 10-year survival rates of their 35 cases were 84% and 75%, respectively, almost equal to those of thymoma in Japan and typical carcinoid tumor of the lung reported by Travis et al. (27) . These findings imply slow growth of the tumor and show that The standard treatment for this tumor has not been established, but the first choice is surgical removal (16, 37) . If a curative operation cannot be performed, or lymph node metastasis is detected during surgery, postoperative radiotherapy with or without chemotherapy must be considered. In this study, adjuvant radiotherapy was performed in three cases and one of them, despite pN2 disease, showed a good prognosis.
In 1991, Travis et al. (14) subclassified the neuroendocrine tumors of the lung into low-grade typical carcinoid, intermediate-grade atypical carcinoid, and high-grade large-cell neuroendocrine carcinoma and small-cell carcinoma. They reported later that patients with atypical carcinoid showed a significant reduction in survival compared with those with typical carcinoid and that patients with large-cell neuroendocrine carcinoma showed a significant reduction in survival compared with those with atypical carcinoid (27) . Atypical carcinoid has been defined as a tumor with neuroendocrine morphology and mitotic counts between 2 and 10 per 2 mm 2 of viable tumor (10 HPF) or with coagulative necrosis. The mitotic range for large-cell neuroendocrine carcinoma and small-cell carcinoma is defined as Ն11 per 10 HPF (14, 27) . When this criterion was applied to thymic carcinoid tumors, they were found to be histologically equivalent to the atypical carcinoid tumors of the lung, because most thymic carcinoids contained small necrotic foci and had some mitotic activity, not only in our cases but also in previous publications (16, 17) . Case 6, with 14 mitoses per 10 HPF, was not considered to be a large-cell neuroendocrine carcinoma but a carcinoid tumor because of its histologic appearance. In 1999, Rosai and Sobin (15) published the WHO histologic classification of tumors of the thymus, in which they followed the definition of the tumors of the pulmonary counterparts proposed by Travis et al. (14, 27) . In our series of thymic carcinoid tumors, only one tumor showed mitotic counts of Ͻ2, and the other 10 tumors showed between 2 and 14 mitotic counts. In addition, nine tumors had necrosis in the tumor nests. Therefore, when the WHO pathologic criteria for thymic carcinoid were applied to our series of thymic carcinoid tumors, all tumors were categorized as atypical carcinoids. However, the 5-year survival rate of our thymic carcinoid (82%) was much better than that of atypical carcinoid tumor of the lung (57%; 27). Whether or not the definition of typical and atypical carcinoids of the lung can be applied to the thymic carcinoids requires further investigation of a greater number of cases.
Various studies reported results of DNA analysis in bronchial carcinoid tumors (14, (41) (42) (43) (44) (45) . Aneuploidy has been found in 5 to 32% of typical carcinoids and in 16 to 79% of atypical carcinoids (14, (41) (42) (43) (44) (45) and is reported to be associated with a poor prognosis (43) . However, not all aneuploid carcinoid tumors have such poor outcomes because Jones et al. (43) reported that 58% of patients with aneuploid carcinoid tumors survived 5 years. In our study, aneuploidy was found in only one tumor. This patient had multiple mediastinal lymph node metastases at the time of surgery, but she was alive without tumor at the time of writing this report, 1268 days after surgery. We had expected that many thymic carcinoid tumors would show aneuploidy, because the prognosis of this tumor was reported to be relatively poor and the histology corresponded to atypical carcinoid tumors of the bronchus. However, analysis of DNA ploidy patterns did suggest low malignant potential of thymic carcinoid tumors, which is consistent with the relatively good prognosis.
In conclusion, all our thymic carcinoid tumors in this study contained either histologically small necrotic foci in large solid nests and/or showed some mitotic activity, being histologically classified as atypical carcinoid tumors according to the WHO criteria. Although the cases analyzed were small in number, most tumors were in the diploid range and had a relatively good prognosis. Therefore, from the prognostic standpoint, a decision as to whether or not division of typical and atypical carcinoids based on data obtained from the pulmonary counterparts is justifiable in the thymus should await further investigation on larger numbers of cases.
